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Tumor Biol 2008;29:161-180 162 ment of the stem cell theory of cancer. The story begins with the discovery of AFP as a protein present not only in fetal serum [1] [2] [3] , but also in the serum of both experimental animals [4] and humans [5] with HCC. Although a fetal serum protein, consistent with the properties of AFP, had been reported earlier [1] [2] [3] , the papers by Abelev et al. [4] and Tatarinov [5] were the first to show the commonality of the protein produced by developing fetuses and adult tumors. The discovery of this protein, along with that of carcinoembryonic antigen [6] , initiated the field of investigation that became known as 'oncodevelopmental biology' [7] , a term linking the process of carcinogenesis to developmental biology. This conceptualization had been previously formulated by Pierce et al. [8] as: 'cancer is a problem of developmental biology'.
The studies to be reviewed here began when the author joined the Department of Pathology at the University of Pittsburgh in 1965. The cellular and biochemical changes that preceded the development of HCC during experimental chemical hepatocarcinogenesis were under active investigation by the Chairman of the Department, Prof. Emmanuel Farber, and his collaborators. These studies were directed toward the examination of focal changes in small groups of liver cells (foci), and the development of nodules of increasing size that became know as 'neoplastic nodules' that appear in the livers of rats exposed to chemical hepatocarcinogens months before the eventual development of HCC [9, 10] . These changes implied that HCC arose by 'dedifferentiation' of adult hepatocytes. Since it had been shown (see above) that AFP was produced by HCC, the question that required answering was: Can the nature of the cells in the liver that give rise to HCC be clarified by analysis of the production of AFP during the carcinogenic process?
Radioimmunoassay for AFP
To address this question, the first objective was to develop a more sensitive and reproducible assay for AFP. I decided that a radioimmunoassay (RIA) for AFP would be the method of choice. RIA is up to 100 times more sensitive than the immunodiffusion assays that were then being used. Fortunately, I was not only taught the principles of RIA, but also had been required to develop an RIA for albumin by Richard S. Farr, as part of the sophomore microbiology laboratories in medical school in 1958. Farr published his extensive studies on antigen-antibody binding and RIA at about the same time [11] . This was 2 years before the paper on RIA for insulin was published [12] , for which the principal author, Rosalyn Yalow, received the Nobel Prize.
Using the methods recorded in my microbiology laboratory notebook, I developed an RIA for rat AFP [13] . To accomplish this, it was first necessary to identify and isolate AFP. From the previous studies of Gitlin et al. [14] it was known that amniotic fluid was a rich source of AFP. An antiserum that would specifically identify rat AFP was made by first immunizing rabbits with rat amniotic fluid, and then absorbing this antiserum with normal rat serum ( fig. 1 ) [14] . Then, AFP was isolated by isoelectric focusing, but this method was adopted only after other methods had proven ineffective [15] . Because of difficulties in isolating pure AFP, it took over 5 years to establish the RIA for AFP. During this time period, several others published RIAs for both the human [16, 17] and rat [18, 19] isoforms of AFP. Before RIA was available, it was not known whether AFP was present in normal adult serum. With the application of the highly sensitive RIA, it became possible to measure normal levels of AFP accurately and reproducibly both in humans [16] and rats [20] ( fig. 2 ).
Once our RIA for AFP was available, it was applied to measure the serum concentrations of AFP of the rat in normal development, after liver injury, following growth of transplantable HCC and during the hepatocarcino- Immunoelectrophoretic identification of AFP. To produce antiserum to AFP, rabbits were immunized with rat amniotic fluid and the anti-rat amniotic fluid serum was absorbed with normal adult rat serum. Later, AFP was isolated by isoelectric focusing and a specific antiserum was obtained by immunization of a goat with purified AFP (anti-␣ 1 F). CARS = Croton oil-induced acute-phase rat serum (contains ␣ 1-macrofetoglobulin, ␣ M-F); AMF = rat amniotic fluid; abs = absorbed; NARS = normal adult rat serum; TR = transferrin; ␥ G = ␥ -globulin; FRS = fetal rat serum. Modified from Sell et al. [15] .
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Tumor Biol 2008;29:161-180 163 genic process. The results are summarized in figure 3 [21] . During normal pregnancy in the rat, the level of AFP is 2 logs higher in fetal serum at term than in the mother. After birth, the serum level of AFP falls exponentially in the mother, but remains high for 3-4 weeks in the neonatal pup. There is a rapid but temporary elevation after liver injury. Following partial hepatectomy (PH), the serum level is higher in young rats than in older rats. The serum level is also higher after chemical injury than after PH. There is a steady, essentially logarithmic, increase during growth of a transplanted HCC, and a logarithmic decrease after surgical removal of the AFP-producing HCC, but reelevation is seen if the tumor is not fully removed or recurs as metastases. There is a prolonged elevation after treatment with a noncarcinogenic dose, for example a single cycle, of the carcinogen N-2-actylaminofluorine (AAF). These data illustrate the complexity of the production of AFP associated with various physiological and pathological conditions. The examples of elevation of serum AFP during normal development, after acute liver injury and growth of HCC as well as after exposure to chemical hepatocarcinogens, and the nature of the cells that produce AFP will now be presented in more detail.
AFP in Normal Development
During normal development, AFP is synthesized in the fetal yolk sac endoderm and liver, and then diffuses rapidly into the maternal circulation. Using incorporation of radioactive arginine into cells of various organs, we found that the major sites of synthesis are the yolk sac and liver, with a much lower production in the intestines [22] . This pattern was confirmed by Rot analysis for messenger RNA for AFP (mRNA AFP ) [23] and by in situ hybridization in collaboration with the late Jose Sala-Trepat ( fig. 4 ). Using radiolabeled proteins injected into various fetal and maternal compartments, we found there to be a rapid equilibration of the labeled proteins in the fetal-maternal unit ( fig. 5 a) [24] . Both mRNA AFP and mRNA albumin are present in high amounts in the liver during late fetal life, but mRNA albumin is not found in the yolk sac ( fig. 5 b) [25] . After birth, the AFP level drops rapidly in the maternal serum, but remains high in the newborn for about 3-4 weeks ( fig. 3 ) . The high AFP level in the newborn rat is associated with continued proliferation of hepatocytes in the liver until about 3 weeks after birth, when liver cell proliferation ceases. Then the AFP level declines rapidly [26] . 
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A possible function for AFP during development has intrigued investigators since the protein was discovered half a century ago [for reviews, see 27, 28 ] . Three major hypotheses have been tested. (1) AFP is immunosuppressive, serving to protect the fetus from immune rejection by the mother [29] [30] [31] , (2) AFP carries vital fatty acid building blocks to the fetal neurons in the developing brain [32] and (3) AFP binds to estrogen and prevents masculinization of the developing female brain [33] [34] [35] . In regard to the first hypothesis, immunosuppression, we obtained mixed results [36, 37] . In most instances, AFP increased the immune responses; for example, AFP increased the induction of cytotoxic T cells by 9-fold in mice. It is of critical importance to include controls. Both albumin and AFP inhibited mitogen responses in vitro. In support of the second hypothesis is the fact that AFP protein is present in developing neurons [32, [38] [39] [40] , but mRNA AFP is not [41] , suggesting that AFP could be a carrier protein to deliver building blocks required for normal brain development. Since it binds fatty acids required for myelination [32] , AFP was proposed to be essential for normal myelination. This remained a viable hypothesis until the demonstration that AFP knockout mice, developed by Szpirer and coworkers [33] [34] [35] , are born and develop normally; that finding essentially eliminated immunosuppression or a carrier function as AFP's role. However, adult female AFP knockout mice are infertile, due to an inability of the pituitary to produce gonadotropins [34] . This defeminization of the female brain in the AFP knockout mice can be blocked by administration of estrogen inhibitors (aromatase inhibitors). Thus, if neither AFP nor estrogen is present, defeminization of the female brain does not occur. Szpirer and coworkers concluded that AFP serves to sequester estrogen during development of the mouse brain, thus protecting the developing female mice from defeminization. However, the 166 rodent findings are not necessarily applicable to humans, as human AFP does not bind estrogen. Thus, although various functions have been postulated, the fascinating problem of why there is a specific serum protein that is associated with fetal life, conserved in so many species, remains to be determined convincingly for all species. The next topic of this paper will be the effect of liver injury on AFP production.
AFP and Liver Injury
Various cells in the hepatocyte lineage respond to injury or loss of liver tissue by proliferation. During this proliferation, AFP is produced and released into the circulation. The ability of mature hepatocytes to restore the lost liver cells by rapid proliferation following PH or carbon tetrachloride (CCl 4 ) injury led to the conclusion that the liver did not contain liver tissue-determined stem cells.
Partial Hepatectomy
The classic model of liver regeneration is the proliferation of mature hepatocytes following two thirds PH [42] . In this model, the lost liver tissue is restored by proliferation of mature hepatocytes in the remaining liver cords [43] . Hepatocyte proliferation occurs within the first 48 h after PH and is followed by an acute elevation of AFP for about 5 days [44] . During active proliferation of the hepatocytes, AFP can sometimes be detected in hepatocytes undergoing mitosis [45] . Thus, whereas AFP is clearly a marker for liver progenitor cells in the yolk sac and fetal liver, there is reexpression of this stem cell marker when adult liver cells proliferate. Repair of centrolobular necrosis of the liver after CCl 4 injury is also accomplished by proliferation of the remaining hepatocytes. In fact, Engelhardt et al. [46] reported that the surviving hepatocytes next to the necrotic central zone expressed AFP prior to division. Thus, liver stem cells are not involved in these repair reactions. However, a different result is obtained from other models of liver injury.
Chemical Injury
Treatment of the liver by toxic chemicals results in injury at different levels of the liver lobule [47, 48] . For example, CCl 4 produces centrolobular injury, galactosamine and lead nitrate act on midzone hepatocytes, allyl alcohol acts on periportal hepatocytes and a number of chemicals ( ␣ -naphtyl-isothiocyante, 4,4 -diaminophenylmethane, furan) are toxic to bile duct cells [49] . Earlier studies using autoradiography led to the conclusion that the precursors of bile duct cells and hepatocytes belong to nonoverlapping populations [50, 51] . It was stated that a duct cell or a liver cell 'reproduces only its own kind' [51] . On the other hand, our studies on liver injury indicated that there is a lineage of cells in the liver, and that cells at various differentiation levels in this lineage may respond to injury. Mature hepatocytes proliferate in response to PH and to CCl 4 -induced centrolobular injury [42] [43] [44] [45] [46] , midzonal hepatocytes respond to galactosamine and lead nitrate injury [52, 53] , bipolar ductal cells respond when hepatocyte injury is accompanied by treatments that inhibit hepatocyte proliferation [54, 55] and ductular stem cells respond to duct injury induced by chemicals or bile duct ligation ( fig. 6 ) [56, 57] . The presence of small periportal stem cells or hepatocyte progenitor cells is supported by the observation that liver injury by retrorsine is repaired by a population of small periductal hepatocyte-like cells even after the bile ducts have been destroyed by 4,4 -diaminodiphenylmethane [58] .
The possible involvement of small periportal hepatocytes or putative periportal liver stem cells is best illustrated by the proliferative response of small intraportal oval cells to periportal necrosis induced by allyl alcohol in the rat [59] [60] [61] or by cocaine in the mouse [62] . These studies were originally designed to determine whether periportal liver cord cell injury would be repaired by proliferation of midzonal hepatocytes that replaced the damaged periportal cells, or by proliferation of putative liver stem cells or biopolar duct cells that then moved into the necrotic periportal zone [59] . The cellular response to periportal injury was a marked increase in small periportal cells, which filled the necrotic zone and then appeared to differentiate into hepatocytes [ 59-62 , but see below for an alternative explanation]. The finding of a marked increase in small periportal cells after periportal injury raised the possibility that blood-borne stem cells entering the liver in the portal triad contribute to liver regeneration, perhaps through a small-cell intermediate.
Can Bone Marrow Cells Become Hepatocytes?
To determine whether blood-borne stem cells could contribute to liver regeneration, the contribution of bone marrow (BM)-derived cells to the liver was assessed after transplantation of donor-marked BM cells. For example, BM cells from male donors are transplanted into female recipients. In this case, the donor cells are detected by the presence of the Y chromosome [for reviews, see 63, 64 ] . Although there is considerable variation in results, in general, very few hepatocytes contain a donor marker (less than 1%). However, in mice with extensive and longterm loss of liver cells due to an inborn error of metabolism, over 50% of the liver cells are derived from BM cells after transplantation of donor cells without the metabolic defect [65, 66] . In this case, the liver is repopulated with liver cells that fuse with the BM-derived cells [64, 67, 68] . Because the fused cells are reprogrammed by the DNA of the BM-derived cells to express the gene that is defective in the recipient's liver, proliferation of these rescued cells leads to a selective survival advantage over the recipient's cells and restoration of the liver by fused cells. Much fewer donor-derived hepatocytes are seen in other models of liver injury, such as in transgenic hepatitis B mice after treatment with retrorsine. However, it is not known how BM-derived cells become liver cells in models with less injury. Published studies on the ability of BM-derived cells to become liver progenitor cells (oval cells or small hepatocytes) have shown inconsistent results [69] [70] [71] [72] [73] [74] [75] [76] [77] .
To determine whether BM-derived cells could be contributing to the small oval cells seen after chemically induced liver injury, we examined the livers of female mice transplanted with BM from male donors expressing the marker green fluorescent protein followed by injury at various levels of the liver lobule: CCl 4 [45] . b Immunofluorescence labeling of AFP in premitotic hepatocyte after CCl 4 induced central injury [46] . [78] . Extensive analysis of the response to phenobarbital/cocaine has not been published, however, our results show that after this periportal injury there is a massive infiltration of BM-derived cells, but that these cells do not become liver cells. In contrast to our earlier interpretation that reconstitution of this injury was accomplished by periductular oval cells, it now appears that the early reconstituting cells are small hepatoctyes [unpubl. data].
In conclusion, the general belief that the adult liver does not have stem cells is challenged by the findings on the expression of AFP during the cellular proliferative response to liver injury at various levels of the hepatic lobule. The liver gland consists of the same cellular lineage as in other tissues, namely, stem cells, transit-amplifying cells (ductule bipolar cells), ductal stem cells and mature hepatocytes. The unusual feature of the liver is not that it lacks stem cells (it does possess them), but rather that hepatocytes, the most differentiated cells of the liver, even those next to the central vein, are able to proliferate in response to injury. Somewhat unexpected was the finding that AFP is produced by all cells of the liver lineage when they proliferate, including the mature adult hepatocytes. This indicates that AFP is not only a developmental protein, but is also produced in adult liver in the proliferative response to injury. In the next section, we will see that AFP is also produced by HCCs, most prominently by proliferating cancer cells. Thus, AFP is not necessarily a marker for liver cancer stem cells because the transit-amplifying cells of the cancer also produce AFP.
AFP Production by HCCs
The maintenance of a library of transplantable rat HCCs induced by chemicals by Harold Morris in the 1960s [79] provided preclinical models with which the relationship of the serum concentrations of AFP to growth rate, histologic grade and chromosome composition of HCCs in tumor-bearing rats could be determined [80] . The author knows of no evidence that the tumor microenvironment contributes to the production of AFP by tumors, other than through support for the proliferation All control rats died by 40 days after tumor transplantation. The symbols show the levels of AFP in individual rats following amputation of the tumor. The serum levels fell rapidly after amputation, but elevations were then seen in 7 of 8 surgically treated rats. In each rat, elevation of AFP was associated with growth of metastases in the lung. The serum level of AFP of 1 of the 8 treated rats fell rapidly to below normal and remained there. This rat showed no evidence of regrowth or metastases of the tumor [81] .
of the cancer cells. Serum AFP levels in rats bearing faster-growing tumors, tumors with poor differentiation and tumors with aneuploidy were higher than levels in rats with more slowly growing, better-differentiated diploid tumors [80] . Clearly, the serum level of AFP correlates closely with the growth rate (number of dividing cells) and size of the tumor. Later clinical studies revealed similar correlations in human patients with HCC. Also, as in humans, serum AFP levels in rats bearing transplantable HCC could be used to follow the growth of HCC and response to therapy ( fig. 7 ). For the preclinical study, we used a fast-growing, transplantable rat HCC that produced high levels of AFP (Morris hepatoma 7777). Following transplantation of hepatoma 7777 cells into the thigh of histocompatible Buffalo rats, the serum concentration of AFP rose exponentially as the tumor enlarged, until about 40 days, when the size of the tumor required that the animals be euthanized [81] . At this time point the serum concentration ranged between 7,000 and 10,000 g/ml. The kinetics of the elevation of serum AFP paralleled the growth of the tumor. If the transplanted tumors were removed surgically at 17 days, the serum AFP levels fell, with a half-life of about 24 h. However, rapid elevations occurred with growth of metastatic lesions, mainly in the lung [81] . In another experiment, we found that irradiation of the lung at the time of surgical removal of the tumor could delay or prevent growth of pulmonary metastases. The effect of the irradiation on tumor growth was reflected by serum AFP levels [82] . This preclinical model proved to be a good one for the determination of how to use AFP in the diagnosis and management of human patients with AFP-producing tumors.
Further characterization of the cellular composition and biological behavior of Morris hepatomas in the 1960s revealed that these cancers contained cells with stem celllike characteristics as recently publicized for other cancers [83, 84] . Notable among these characteristics was that cancer stem cells are able to grow in vitro (usually on soft agar), are able to initiate tumor growth upon transplantation (tumor-initiating cells) and can resist therapy. The fact that cells from these HCCs could be cultured in vitro argues for the presence of cells with stem-like properties (that is, immortality) in the hepatomas [85] . Transplantation of the Morris hepatomas revealed heterogeneity in growth properties. Some of the Morris hepatomas could be transplanted by means of just a few cells and grew very quickly, whereas others could only be transplanted by means of large numbers of cells and grew very slowly [86, 87] . These findings demonstrated the second property of cancer stem cells noted above, that is, tumor initiation. Finally, extensive studies on the response to irradiation treatment by William Looney [88] demonstrated that after high-dose radiation, the tumors were able to regrow, indicating the presence of a therapy-resistant cancer stem cell. Thus, these studies published in the 1960s and 1970s demonstrated that Morris hepatomas contained cancer stem cells (see below for more recent studies on cancer stem cells in human hepatomas).
The expression of fetus-associated proteins by Morris hepatomas was interpreted by Van Rensselaer Potter to mean that these hepatomas arose by processes related to normal embryogenesis, that is 'oncology is blocked ontogeny' [89] [90] [91] . Morris HCCs expressed variable levels of adult and fetal liver enzymes [92] [93] [94] [95] , secreted variable levels of AFP [80] and displayed extents of hepatocellular differentiation ranging from well differentiated ('minimal deviation hepatomas') to poorly differentiated ('maximally deviated HCC') [96] . Potter suggested that the expression of fetal liver cell markers in HCCs was not due to dedifferentiation, but rather to a block in the maturation of the immature liver cells that gave rise to the cancer. This conception [89] antedated the findings on the production of AFP during chemical hepatocarcinogenesis, which will be covered in the next section of this paper.
Because of the potential for the clinical application of AFP to the diagnosis and monitoring therapy of cancers associated with production of AFP, the author, 2 postdoctoral fellows and a laboratory technician at the University of Pittsburgh developed a test kit (Feto-Tect) for the detection of human AFP that became used throughout the world from 1969 thorough 1974 [97] . The test was based on a simple double diffusion in agar plate, and could be applied in the field without requirement of a laboratory ( fig. 8 ) . It was especially useful in high HCC incidence areas of the world, such as South Africa and China. However, the Feto-Tect test was removed from interstate commerce in 1974 by the United States Food and Drug Administration because overinterpretation of CEA measurements had led to unnecessary surgery for colon cancer [97] . Even though assays for AFP were not a problem, they were linked to CEA as oncodevelopmental markers and also removed. Even when the test for CEA was reinstated, that for AFP was not. We were unable to obtain an explanation. When AFP testing finally gained approval, the tests for certification were so expensive to conduct that only large companies could afford to obtain the data required. Now AFP testing for HCC is a standard approved procedure.
In conclusion, AFP production by HCC is related to growth rate, size and chromosome composition of the tumor. Slowly growing, well-differentiated HCC generally are not associated with elevated serum AFP, whereas fast-growing, poorly differentiated HCCs produce high serum AFP concentrations. However, significant exceptions are found: some fast-growing, near-diploid HCCs do not cause elevations, whereas some slowly growing euploid HCCs do. The production of AFP by HCC identifies the protein as an 'onco' protein and represents the reexpression of a developmental product during oncogenesis. Characterization of the growth properties, transplantability and response to therapy of the experimental Morris rat hepatomas supports the conclusion that these tumors contain cancer stem cells. The next section reviews the data on the production of AFP during chemical hepatocarcinogenesis, that led to the hypothesis that HCCs arise from stem cells [98] .
AFP and Chemical Hepatocarcinogenesis

Dedifferentiation: Foci to Nodules to Cancer
Detailed histologic and histochemical analyses by many investigators studying chemical hepatocarcinogenesis led to the hypothesis that liver cancer arises from dedifferentiation of hepatocytes. For a detailed review of this subject, with more complete references than listed in this paper, the reader is referred to a recent review by the author [98] . The induction of human liver cancer by chemicals began to be seen in Japan in the 1930s and in other places in the 1940s due to development of the chemical dye industry. Pathologists clearly described the major histologic findings in the liver that preceded the appearance of liver cancer in experimental models of chemical hepatocarcinogenesis [99] [100] [101] [102] . The 2 major observations were the proliferation of small round cells and the development of nodules in the liver that came to be called neoplastic nodules. After World War II, hepatocarcinogenesis became a major area of investigation in the United States, as exemplified by the extensive work of Emmanuel Farber [103, 104] and Henry Pitot [105] , as well as in Germany [106] [107] [108] [109] [110] . The extensive proliferation of small round cells, designated 'oval cells' by Farber [9, 10, 103, 104] and the development of foci of altered staining of hepatocytes and increasing nodularity in the liver were described. However, the striking sequence of foci ] nodule ] HCC was interpreted to mean that HCC developed by dedifferentiation of hepatocytes [98, 110] . This interpretation became the accepted dogma for the cellular origin of HCC.
AFP Production during Chemical Hepatocarcinogenesis
Analysis of the production of AFP during chemical hepatocarcinogenesis led to a major change in the paradigm for the cellular origin of cancer. As noted above, the author joined the department of Emmanuel Farber in 1965, at the height of the investigation of the biochemical and cellular changes in the liver during chemical hepatocarcinogenesis. It was generally thought that the determination of the biochemical changes taking place during development of neoplastic nodules would reveal how and why cells become cancerous [98] [99] [100] [101] [102] [103] [104] [105] [106] [107] [108] [109] [110] . With the discovery in 1963 that AFP was associated with cancer [4] , it was postulated that the decipherment of where AFP was produced during the development of HCC, would further our knowledge of the carcinogenic process. After the sensitive RIA for AFP was developed [20] , we undertook an extensive study of the kinetics of the elevation of serum AFP during the hepatocarcinogenic process [for review, see 21 ] . Unexpectedly, we found that the kinetics of elevation varied, depending upon which of the chemical carcinogenic models was used [21, 111] ; this finding forced the realization that the cellular localization of AFP is reg- If the patient's serum contained AFP, the line would deviate from the top well. The sensitivity of the test was about 100 ng/ml. This test kit was sold internationally by Fernwood Laboratory (Pittsburgh, Pa., USA) from 1969 until 1974. In 1974 the test was taken off the market by the United States Food and Drug Administration because of its association with CEA as an oncocancer antigen. The company was formed by 2 fellows, Richard Baney and James Storey, and a technician, Art Park, in the author's laboratory in 1968 [97] .
Color version available online imen dependent [47] . The regimen specificity of AFP localization will be illustrated for 4 regimens: cyclic N-2 fluorenylacteamide (AAF), choline deficiency AAF (CD-AAF), the Solt-Farber model (SF) and diethylnitrosamine (DEN).
Cyclic AAF
The cyclic AAF regimen of George Teebor and Fred Becker [112] was chosen first for study because of the consistent progression of liver lesions from foci to nodules to cancer. In this model, AAF is fed for 3-week-on, 1-weekoff cycles. Since the AAF is in itself toxic if fed continuously, the week-off periods allow the rats to recover. At the end of the first cycle, small cellular foci of 8-10 altered cells are seen. If the feeding is discontinued, the foci disappear. At the end of the second cycle, small nodules are present in the liver cords. Again, if feeding is discontinued, the nodules disappear. After the third cycle, larger nodules are grossly visible. Again, if feeding is discontinued, the nodules disappear. After the fourth cycle, the nodules are much larger and distort the liver grossly. If feeding AAF is discontinued at this point, liver cancer will develop about 21 weeks after the fourth cycle. After the fourth cycle, hundreds of nodules of different sizes may be evident in the liver. Most of these regress, but a few do not (persistent nodules); of the latter, a small number were believed to become HCC. When the serum AFP levels were measured by RIA, in contrast to what was expected, there was an immediate elevation during the first cycle [111] . The serum AFP levels fell during the third and fourth cycles when the nodules were the predominant feature, and then rose later when HCCs developed. When the liver was examined histologically, the early AFP rise correlated with a marked increase in the number of small oval cells in between the nodules [113] . Thus, the elevation of serum AFP correlated not with the development of nodules, but rather with the presence of oval cells. Immunofluorescent cellular localization of AFP revealed that the AFP was present in the oval cells and not in the foci or nodules. This unexpected localization indicated that the origin of HCC is not through the foci-to-nodule pathway, but instead through the small, AFP-positive oval cells. Since the HCCs that develop in this model produce AFP, it is more likely that the HCCs arise from oval cells than from hepatocytes. Based on these data and the results of some of the injury experiments described above, we postulated that tissue-determined stem cells exist in the liver, either in the terminal ducts or the intraportal zone, and that these stem cells proliferated in response to carcinogens and gave rise to HCC [25, 114] .
Choline Deficiency AAF
To determine the origin of the oval cells, we chose the CD-AAF model of Shinozuka and Lombardi. In this model, there is very rapid appearance of oval cells within days of the start of the regimen [115, 116] . The rapid proliferation of the oval cells allowed us to label the proliferating cells by pulse labeling using tritiated thymidine [117, 118] . Light microscopy revealed that within 1-2 days, there is an increase in labeled small round cells next to the bile ducts in the intraportal zone, and then an increase in labeled cells within the bile ducts. During the next 2-3 weeks, labeled oval cells extend across the liver lobule to the central vein [118] . By electron microscopy, the first identifiable labeled cells were cells containing very few organelles, which were located in the intraportal tissue outside the basement membrane of the bile ducts [118] . The results of these experiments confirmed our previous speculation that putative liver stem cells are located in the intraportal zone as well as within the bile ducts [25, 114] .
SF Model
The complex SF regimen was designed to activate proliferation of hepatocytes initiated following exposure to carcinogen (DEN). The supposition is that when proliferation of noninitiated hepatocytes is inhibited (AAF treatment), there will be selective stimulation of proliferation of the initiated hepatocytes following PH [119] . Thus, the regimen consists of administration of DEN (initiation), followed 2 weeks later by a 2-week treatment with AAF (inhibits hepatocyte proliferation), with a PH done during the middle of the AAF exposure (stimulates proliferation of initiated cells). Using this model, we found a rapid increase in AFP occurring shortly after the PH [120] . The level of AFP increased until about 2 months after PH and then dropped to essentially normal. Another elevation of AFP occurred after 10 months when HCC began to form. However, in contrast to the cyclic AAF model, the AFP in this model was not found in periportal cells, but rather in newly formed duct cells [120] . Thus, in this model, the cells giving rise to HCC appear to be the bipolar bile ductular progenitor cells.
Diethylnitrosamine
After continuous exposure of rats to DEN, serum AFP levels do not rise until 6-8 weeks after exposure, but then steadily increase as HCCs grow [120] . Cellular localization is first seen not in oval cells or duct cells, but in small atypical foci of hepatocytes. These foci enlarge to form microcarcinomas and later HCC. Thus, in this model, HCCs appear to arise directly from hepatocytes [120] . Summary A summary of the cellular changes in the liver arising from various carcinogen regimens is shown in figure 9 . Depending on the regimen, HCC can arise from intraportal nonductal stem cells, ductal bipolar transit-amplifying progenitor cells or hepatocytes. This variability indicates that HCC can arise from a number of cell types in the hepatocyte lineage: stem cells, transit-amplifying cells and mature hepatocytes [122] . If cancer is a problem of maturation arrest, we would expect that the differentiation phenotype for HCC arising from stem cells would differ from that of HCC arising from ductal progenitor cells or from mature hepatocytes. However, all these protocols result in HCC. The missing link in the cellular hierarchy of the liver and liver cancer appears to be the liver cancer of early childhood, hepatoblastoma [123] .
Hepatoblastomas. Hepatoblastomas are tumors of childhood with approximately two thirds occurring within the first 2 years of life, and 90% within the first 5 years of life [123] . Hepatoblastomas are made up of cells at various stages of differentiation, from small round embryonal cells to fetal-like cells that form primitive liver cords [124, 125] . The small cells grow in sheets and are similar to neuroblastoma and other primitive tumors of childhood. This embryonal phenotype suggests that there is a loss of potential of liver-determined stem cells with aging, such that HCCs arising in the livers of adults are the more highly differentiated HCCs, whereas those arising in the livers of young children reflect the less differentiated stage of the liver-determined stem cell [98] . A relationship of the cellular origin of liver cancer to the stage of maturation arrest of liver lineage cells is shown in figure 10 .
From this model, we conclude that HCCs arise from maturation arrest of differentiation and not from dedifferentiation [47, 114 ,120, 122] . Thus, even though some HCCs arise from hepatocytes, liver cancer is not an exception to the general rule that cancers arise from stem cells, since hepatocytes represent one stage of liver cell differentiation. Mature hepatocytes are not terminally differentiated and can be activated to proliferate. The conclusion that liver cancer -one of the least likely cancers to arise from stem cells -actually does so, led to a general hypothesis that essentially all cancers arise from maturation arrest of tissue-determined stem cells [126] . [113] . b New duct cells staining for OV-6, a monoclonal antibody to oval cells, during the cellular reaction to the SF model of hepatocarcinogenesis [121] . c AFP-positive microcarcinomas by immunoperoxidase after DEN exposure [120] .
Is There a Carcinogenic Role for AFP?
The association of AFP production by premalignant cells and early carcinomas suggested a possible role of AFP in tumorigenesis or tumor progression [27] . There is no evidence known to this author that the presence of production of AFP has a role in induction of cancer, but appears to be reexpression of a developmental protein. However, it is possible that AFP contributes to controlling progression. For example, some tumors have a receptor for AFP and the serum level of this receptor may be more accurate than other tumor markers [ 127 , Moro et al., pers. commun.]. Reaction of AFP with these receptors may affect nuclear transcription, apoptosis or signal transduction, but these activities are demonstrated in vitro and as yet no treatment applications have even approached study [27] . On the other hand, AFP, especially of murine species, is known to bind estrogen, and AFP [128, 129] or peptides derived from AFP [130] may inhibit growth of estrogen-dependent tumors. Again, since human AFP binds estrogen poorly, it is unlikely that human AFP has this effect. However, the possibility of treating estrogendependent tumors with AFP peptides has been proposed [129] .
The Stem Cell Theory of the Origin of Cancer
The theory that cancers arise from stem cells was the first rational theory of cancer. It was first propounded by Joseph Claude Anselme Recamier in 1829 [131] , and later by Robert Remark [132] . Prior to this theory, cancers had been considered to arise through an imbalance of black bile, an extension of the humoral theory of disease. A variation of the humoral theory was favored by Sir James Paget, and even Rudolph Virchow, the father of pathology, believed that cancers arose from connective tissue during chronic inflammation [133] . The concept that cancers arise from stem cells became known as the embryonal rest theory of cancer [134, 135] . This theory postulated that cancers arose in adult tissues from small collections of embryonal cells that did not differentiate. Although this idea became popular, other ideas gradually superseded it. For example, Hugo Rippert thought that cancers came from displaced tissue that lost the restraining influence of surrounding tissue, and Amedee Borrel favored parasitic infection as a cause. By 1914, Theodor Boveri had found chromosomal abnormalities in cancers, and he concluded that cancers arose from mature cells that mutated. Such findings led William Seaman Bainbridge, in his monumental book The Cancer Problem , to reach the following conclusion: 'The congenital or embryonic theory of the origin of cancer has received no support whatever from the experimental and comparative investigations of recent times' [136] . However, studies on teratocarcinoma pointed the way back to the stem cell theory of the origin of cancer and cancer stem cells.
Teratocarcinoma
Rudolf Virchow, although noting the resemblance between developing embryonic tissues and the tissues that made up teratocarcinomas, concluded that cancers arose from inflammatory granulation tissue [133] . The contribution of the study of teratocarcinoma to reconsideration of the theory of the stem cell origin of cancer took place after World War II. Teratocarcinomas are cancers arising usually in the testes or ovaries, which contain a mixture of normal, mature well-differentiated cells representing essentially every mature tissue of the body. Thus, most cells of a teratocarcinoma are benign mature cells. The malignant stem cells of a teratocarcinoma form a structure that resembles an early embryo (embryoid body) [137] . Only the cells in the embryoid body are actively proliferating and only they give rise to the other differentiated tissues in the tumor, including brain, muscle, bone, BM, eyes, secretory glands and skin. Teratocarcinomas usually also contain yolk sac elements that produce AFP, and choriocarcinoma elements that produce human chorionic gonadotropin HCG. These markers can be used for diagnosis and for tracking the results of therapy of those teratocarcinomas which contain yolk sac or chorionic elements [138] [139] [140] . In 1954, LeRoy Stevens, a veteran fighter pilot from World War II, published his studies on the production of transplantable teratocarcinomas through injection of the normal male germinal cells from an SIJ/129 mouse, that has a high rate of spontaneously appearing teratocarcinoma, into the normal testes of a 129 mouse [141] . The transplantation of these cells resulted in growth of teratocarcinomas arising from the normal germinal cells, proving that cancers can arise from normal germinal stem cells placed into an abnormal tissue environment [142, 143] . The concept that environmental signals can be critical in the development of cancer was predicted by Cohnheim in 1875 [135] , and restated by Rippert in 1911 [144] . Incidentally, transplantation of extraembryonic yolk sac cells of 9-day-old embryos to the rat kidney capsule results in growth of yolk sac tumors that produce AFP, whereas transplantation of the embryonic portion of the embryo gives rise to teratomas that do not produce AFP [145] .
Extensive study of the growth and differentiation properties of experimental teratocarcinomas by Barry Pierce and coworkers established that many of the progeny of the malignant cells of teratocarcinomas differentiate into mature benign tissue [8, 146] . This was also shown to be the case for other cancers, specifically squamous cell carcinoma [147] . The difference between cancer and normal tissue renewal is that in normal tissue renewal, the number of cells that are proliferating is essentially equal to the number of cells terminally differentiating (undergoing apoptosis), whereas in cancer the number of cells that are proliferating (transit-amplifying cells) is greater than the number of cells that are entering terminal differentiation, because of maturation arrest of the cancer cells in the transit-amplifying population [126] .
The most impressive demonstration of the role of the environment, in inducing differentiation of cancer stem cells, are the blastocyst transplantation experiments. Using the method developed by Brinster [148] for injection of cells into developing blastocysts, Mintz and Illmensee [149] and Papaioannou et al. [150] reported in 1975 that teratocarcinoma stem cells could be controlled by the environment of the developing blastocyst. When teratocarcinoma cells were injected into the inner cell mass of the developing blastocyst and the embryos were allowed to mature, the carcinoma-derived cells differentiated into fully functioning mature tissue in chimeras made up of mixtures of carcinoma-and blastocyst-derived cells. Pierce et al. [151] then demonstrated that the germinal layers of the blastocysts determine the types of cells into which the transplanted embryonal carcinoma cells develop. Thus, the actual carcinoma stem cells undergo complete differentiation to benign cells, leading to the conclusion that 'tumors are caricatures of normal tissue renewal' [152] . A diagram illustrating the differentiation pathway of cancers arising from germinal cells, and the possible stages of maturation arrests, is shown in figure  11 . Embryonal carcinomas can be treated with agents such as retinoic acid (vitamin A), which induces differentiation of the malignant cells to benign cells [153] . However, human teratocarcinomas are more effectively treated by surgery and chemotherapy. The ability to induce differentiation in teratocarcinomas from malignant to benign cells establishes the precedent for differentiation therapy of cancer [154] [155] [156] .
Differentiation Therapy of Leukemias
The success of differentiation therapy is arguably best exemplified by the treatment of myeloid leukemias [157, 158] , where appropriate differentiation therapy forces differentiation of malignant cells. Examples of the various forms of myeloid leukemia are chronic myeloid, subacute promyeloid and acute myeloid (blastic). Each of these is caused by gene translocations that result in constitutive activation of signaling cascades or blocking of apoptotic pathways. Differentiation therapy is directed toward disruption of these signaling pathways, or activation of apoptotic pathways. For example, Gleevec binds to and inactivates the bcr/abl tyrosine kinase formed in chronic myeloid leukemia. This inactivation blocks the signaling pathway and allows the cells to differentiate [159] . In subacute promyeloid leukemia, fusion of the promyeloid leukemia region (PML) with the retinoic acid receptor (RAR ␣ ) gene results in inhibition of the formation of cytoplasmic granules required for differentiation [160, 161] . In this way, the maturation of the leukemic cells is blocked at the promyelocyte stage. Treatment with retinoic acid induces breakdown of the PML/RAR ␣ gene fusion product and allows the promyelocytic leukemia cells to differentiate. In acute myeloblastic lukemias, there is usually both activation of signaling pathways for proliferation and inhibition of an apoptotic pathway [162] . These provide a one-two punch, so that the number of proliferating cells is increased and the cells produced do not die. Treatments with agents that inhibit the activation pathway and activate apoptosis in acute myeloblastic leukemia are now being tested clinically [163, 164] .
Cancer Stem Cells
As discussed above, there are 2 components to cancer stem cell models: cancers arise from tissue stem cells and cancers contain stem cells. The preceding sections of this paper have largely covered the hypothesis that cancers arise from stem cells. In the last section of this paper, the concept of cancers containing stem cells and therapy directed to these cancer stem cells will be presented. First, there are 3 major biological properties of cancer stem cells: the ability to grow in soft agar, the capacity to transplant the tumor (tumor initiating cells) and the ability to resist radio-and chemotherapy.
Growth in Agar
Growth of cancer cells on soft agar was first described for HeLa cells in 1955 [165] and later for cells from primary human tumors [166] . Salmon [167] found that 1: 1,000 to 1: 100,000 cells from a primary human adenocarcinoma would form colonies in soft agar (called tumor colony-forming units) and proposed to use these cultured cells to study the effects of various drug treatments. This range of proportions of tumor colony-forming units is similar to the proportions recently found for the tumorinitiating cells in acute myelogenous leukemia (see below).
Tumor Transplantation and Tumor-Initiating Cells
The second property proposed for a cancer stem cell is that it can initiate tumor growth when transplanted to syngeneic or immunocompromised recipients [ 168-173 , for review, see 83 ] . The frequency of tumor-initiating cells was later found to be of the same order of magnitude as the frequency of cells that survive after chemo-or radiotherapy and grow in soft agar. The evidence for transplantable liver cancer stem cells was discussed above under the properties of Morris hepatomas. Briefly, some of the Morris hepatomas could be transplanted by means of just a few cells and grew very quickly, whereas others could only be transplanted by means of large numbers of cells and grew very slowly. These observations again suggest cellular heterogeneity in hepatomas, but neither systematic dilution nor fluctuation analysis experiments were performed. Consequently, there is as yet no clear identification, in this model system, of the percentage of cells with tumor-initiating properties for HCC.
With the relatively recent recognition that the cells with stem cell properties in a cancer might be identified by 'stem cell' markers, a number of attempts to identify such cells in HCC have been reported. By gene expression analysis, Lee et al. [174] were able to identify at least 3 types of human liver cancers and poor prognosis is associated with HCC with less differentiated expression. Specific markers that appear to identify stem-like cells in human HCC include CD133 [175] [176] [177] , CD90 [178, 179] , ABCG2 [180] , epithelial cell adhesion molecule (EpCAM) [ 181 ] and Met [182] . CD133 and CD90 expression are associated with fetal liver cell marker expression, tumor initiation, culture in vitro and chemoresistance [175] [176] [177] [178] [179] , properties attributed to cancer stem cells. Further study of the properties of these cells may lead to modalities of therapy for HCC directed at the cancer stem cells (see below).
Resistance to Radio-and Chemotherapy
The transplantable tumor cells that are resistant to therapy may differ from other cells in the cancer (cancer stem cells as distinct from the cancer transit-amplifying cells), or transplantable cells may merely be quiescent cells that respond poorly to therapy and survive the challenges of transplantability. These alternatives were pre-sented in commentaries in 1994. Trott [183] supported the concept that the cells from transplantable mouse tumors meet the criteria of a tumor stem cell, that is, 'regrowth of the tumour preceded by clonal expansion from a single cell with unlimited proliferative potential'. He concluded that tumors contain the same populations of cells as normal tissue, consistent with the proposal of Pierce et al. [8] , derived from studies on teratocarcinoma. On the other hand, in a companion paper, Denekamp [184] , argued that the putative cancer stem cells might be considered the least differentiated cells of a cancer cell population, functionally and kinetically different from the remaining mass of tumor cells, but not necessarily stem cells.
Cancer Stem Cells and Therapy
The recognition that cancers contain the same lineages of cells as normal tissues, that is, stem cells, transit-amplifying cells and differentiated cells [126, 152] , suggests that a cure for cancer should be directed against the cancer stem cells. Therefore, even if all proliferating transitamplifying tumor cells were killed therapeutically, tumorous tissues would reemerge from therapy-resistant cancer stem cells. In support of this possibility, highly tumorigenic subpopulations of putative cancer-initiating 'stem' cells derived from human glioblastomas have been found to display resistance to radiation because of increased protection against DNA damage [185] . Provocative qualitative and quantitative theoretical discussions of immortal DNA strands, an obligate property of normal stem cells, and certain predicted DNA repair deficiencies in somatic cancer cells have also been reported [186, 187] . However, little is known about the role of putative liver cancer stem cells in resistance to therapy, although it may be presumed that regrowth of HCCs after effective treatment may be mediated by putative liver cancer stem cells. Although this cannot be proven, it is the most likely explanation.
The models of therapy now in use are directed against the transit-amplifying cells. As depicted in figure 12 , radiation therapy, chemotherapy and antiangiogenic therapy inhibit proliferation of actively dividing cells, whereas differentiation therapy inactivates signals that cause maturation arrest, thereby allowing terminal differentiation of transit-amplifying cells [154] [155] [156] [157] [158] . Even if these approaches are successful, the cancer stem cell remains and the tumor retains the potential to regrow from the cancer stem cells.
New experimental therapy approaches are directed toward signaling pathways active in maintaining cancer stem cells through use of inhibitory RNA or small blocking molecules. Some of these blocking agents are listed in a previous publication by the author [156, table 1] . If stem cell therapy is to be applied successfully, then the regrowth of the cancer after successful treatment of the cancer transit-amplifying cells can be prevented. Antiangiogenic therapy inhibits the blood supply to the proliferating cells. Differentiation therapy reverses maturation arrest and allows proliferating cancer cells to terminally differentiate. Even if these approaches are successful, cancers may regrow from cancer stem cells that are not affected by these therapies. It is hypothesized that cancer stem cell inhibition therapy would block the proliferation of cancer stem cells and prevent regrowth [188] .
